An evaluation of natural zeolite as a microorganism carrier in nitrifying reactors operated in 17 batch mode was carried out. Specifically, the influence of zeolite particle sizes of 0.5, 1.0 and 18 2.0 mm in diameter on microorganism adherence to zeolite, ammonium adsorption capacity 19 and the identification of microbial populations were assessed. The greatest amount of total 20 biomass adhered was observed for a zeolite particle size of 1 mm (0.289 g) which was 21 achieved on the 12 th day of operation. The highest ammonium adsorption capacity was 22 * Address correspondence to R. Borja, Instituto de la Grasa (C.S.I.C.), Avda. Padre 23 García Tejero, 4. 41012-Sevilla, Spain (Phone: +34 95 4689654, Fax: +34 95 4691262, 24 E-mail: rborja@cica.es). 25 2 observed for a zeolite particle size of 0.5 mm, which was 64% and 31% higher than that 26 observed for particle sizes of 1.0 and 2.0 mm, respectively. The maximum de-sorption values 27
II)
Experiments for the determination of the ammonium adsorption capacity of 101 natural zeolite by using particle diameters of 0.5 mm, 1.0 mm and 2.0 mm. 102
III)
Identification of microbial populations found in the above-mentioned zeolite 103 particle sizes used during the nitrification process. 104
105

Characteristics of natural zeolite 106
The characteristics and chemical composition (% w/w) of the natural zeolite used in the three 107 sets of assays was: SiO 2 , 66.62%; Al 2 O 3 , 12.17%; Fe 2 O 3 , 2.08%; CaO, 3.19%; MgO, 0.77%; 108 zeolite particle sizes were used: 0.5 mm, 1.0 mm and 2.0 mm in diameter. Small batch 126 reactors with an operating volume of 0.25 L working at a temperature of 20 ºC were used for 127 this set of experiments. 128
The characteristics of the inoculum used are summarized in Table 1 . The concentration of the 129 inoculum used in each reactor was 1.5 g VSS/L. 130
The composition and characteristics of the synthetic wastewater used for these assays are 131 shown in Table 2 . The total duration of these experiments was 25 days. 132
The quantification of the biomass attached to any zeolite diameter selected was evaluated by 133 the difference between the estimated dried solids at 105ºC and those estimated by burning at 134 550ºC, which can be related to the concentration of volatile solids (VS). 135
136
Assays for the determination of ammonium adsorption capacity of natural zeolite 137
This second set of assays was performed in Jar Test reactors with a volume of 500 mL 138 operating in batch mode. The reactors were placed in a thermostatic chamber at a constant 139 temperature of 30 ºC. Zeolite particle sizes with the above-mentioned diameters were used in 140 these experiments. 141
The characteristics of the synthetic wastewater used in this group of experiments are detailed 142 in Table 3 . This wastewater was diluted to obtain four different initial ammonium 143 concentrations (C) which were used in the experiments carried out with the three zeolite 144 particle sizes assayed. Table 4 shows the initial concentrations of ammonium used for each 145 experiment. The zeolite concentration in each reactor was 8 g/L. The content of the reactors 146 was maintained homogeneous through stirring at 120 rpm. 147
Every 24 hours agitation was stopped for 5 minutes to take a sample of the supernatant liquid 148 and to measure the concentration of N-NH 4 + in these previously filtered samples. 149
batch nitrification process 152
This third set of assays was performed in the small scale batch reactors previously described 153 in the first set of assays. Zeolite particle sizes of 0.5 mm, 1 mm and 2 mm in diameter were 154 also used in this group of experiments. The operating conditions of the reactors are shown in 155 Table 5 . 156
The inoculum used in this set of assays was derived from an activated sludge reactor with 157 extended aeration which treats urban wastewaters. 158
Samples of biomass adhered to zeolite were taken from the reactors at the beginning and 159 end of the experiment (25 days). In order to separate the biomass from the zeolite, these 160 samples were subjected to ultrasound for 30 seconds using the Branson Sonifier 150 161 ultrasound equipment with 40% amplitude. Subsequently, to analyze the different 162 microbial populations, samples were prepared using the molecular technique of 163 fluorescence in situ hybridization (FISH) according to the protocol described by Amann 164 et al. [26] To be specific, samples were fixed in 4% para-formaldehyde, washed in 165 phosphate buffer saline (PBS) and preserved in PBS-ethanol at -20 ºC until used. For 166 the hybridization procedure, the samples were fixed on a multi-dish slide at 46 ºC for 20 167 minutes and dried in ethanol. All the probes carried out were summarized and specified 168 in Table 6 . DAPI staining (4', 6-diamidino-2-phenilindol) was used to corroborate that 169 the observed fluorescence with the FISH technique corresponded to bacteria cells in 170 order to quantify the existing microorganisms. [26] to zeolite, the pH values remained between 7.5 and 8.5 with DO concentrations of between 4 176 and 6 mg/L. These values can be considered as adequate for the optimum performance of the 177 process.
[27, 28] Qiu et al. [29] also found optimum pH values of between 6.5 and 7.5 in the 178 nitrification process carried out in biological aerated filters with zeolite and ceramic supports. 179 Figure 1 shows the variation of the amount of total biomass (g) adhered to zeolite with time 180
for the three particle sizes studied (0.5, 1.0 and 2.0 mm). As can be seen, the greatest amount 181 of total biomass adhered was observed for a particle size of 1 mm, achieving its maximum 182 total value (0.289 g) on the 12th day of operation time. carried out during the second set of assays (II). The reactors were stirred for 6 days, during 189 which time it was checked that equilibrium had been achieved. The pH ranged between 6.3 190 and 6.7 throughout the experimental runs made. 191
As can be seen in Figures 2-4 , maximum ammonium adsorption was observed for a zeolite 192 particle size of 0.5 mm, which was 64% and 31% higher than the adsorption rate for zeolite 193 particle sizes of 1 mm and 2 mm, respectively. However, these maximum adsorption values 194 decreased when the ammonium was de-adsorbed. Maximum de-sorption values were found 195 for a zeolite particle size of 0.5 mm, although when equilibrium was reached, the ammonium 196 concentrations were similar to those observed for a zeolite particle size of 1.0 mm. Therefore, 197 the equilibrium concentrations were similar in the two cases studied, although the values 198 were reached in different ways. 199 Table 7 shows the percentages of adsorption and de-sorption obtained in each experiment 200 performed for the three zeolite particle sizes. As can be seen for particle sizes of 1 mm and 2 201 mm, the percentages of maximum adsorption achieved were relatively similar for the 202 different initial ammonium concentrations (C1-C4) studied in each case. 203 Therefore, the results obtained in the present work demonstrate that a zeolite particle size of 204 0.5 mm allows for maximum adsorption values, which in turn would allow for a higher 205 amount of available ammonium to be raised and degraded by the ammonium oxidant 206 microorganisms adhered to its surface. 207
Other recent research works have demonstrated that natural zeolites such as clinoptilolite 208
were also used to recover wastewater ammonium, decrease the nitrogen content in the 209 effluent from on-site sanitation systems and in wastewater treatment plants when this 210 nitrification-denitrification efficiency is low.
[30] Specifically, these results showed that the 211 ammonium adsorption capacity increased with decreasing clinoptilolite particle size, and the 212 highest experimental adsorption capacity was 2.7 mg NH 4 + /g. [30] In the same way, it was 213 demonstrated that the addition of zeolite power to sequencing batch reactor could also 214 improve its performance, increasing significantly the NH 4 + , COD and PO 4 -3 removals 215 compared to a control reactor without the addition of zeolite. [31] 216 Yang [32] also studied the influence of lower initial ammonium concentrations (50, 70 and 100 217 mg N/L) on the nitrification process in batchwise fluidized bed with zeolite as 218 microorganism carrier. It was observed in this case that both ion exchange and nitrification 219 effects were dominant over the effect of air-stripping. [32] 220 Similar behaviour was reported in nitrification processes carried out in continuous mode. 221
Specifically, around 85% COD and 70% NH 4 + -N were removed constantly in an up-flow 222 zeolite media biological aerated filter for treatment of aquaculture wastewater.
[33] It was 223 observed that the nitrifying population occupied the top of the filter column.
[33] The effect of 224 the addition of zeolite on submerged membrane bioreactor (SMBR) operating in continuous 225 mode was also studied.
[34] It was also found that a mean 25% higher total nitrogen (TN) 226 removal took place in the test system compared to a control consisting of a SMBR without 227 added zeolite. Ion exchange and simultaneous nitrification and denitrification were 228 considered to be the main reasons for this high TN removal.
[34] The same effect was 229 observed in a pilot-scale biofilter with biomass immobilised on zeolite containing expanded 230 clay aggregate filtermedia. [35] 231 Furthermore, it was found that the experimental data of ammonium adsorption obtained in 232 the present work fitted well to both the Langmuir and Freundlich isotherms for the three 233 zeolite particle sizes studied. To be specific, the highest determination coefficients (R 2 ) were 234 achieved with the Freundlich isotherm with values of 0.96, 0.98 and 0.93 for zeolite particle 235 sizes of 0.5, 1 and 2 mm, respectively. Sarioglu had also previously observed that both 236 isotherms can be applied to fit ammonium adsorption data from municipal wastewaters using 237
Turkish natural zeolite (Dogantepe).
[36] In addition, Du et al. [37] demonstrated that the 238
Freundlich model was more appropriate for representing data of ammonium adsorption on 239
Chinese Clinoptilolite with wide ranges of ammonium concentration. 240
In the present work, the experimental data of ammonium adsorption on zeolite particle sizes 241 of 0.5, 1 and 2 mm were fitted to a Freundlich isotherm (Q e = k·C e 1/n ), which is represented 242 by equations (1), (2) The values of k and n obtained in this work were lower than those obtained in the 252 nitrification of small polluted urban river waters in areas without centralized sewage works 253 using zeolite-coated nonwovens, for which k and n values of 0.28 and 1.17 were found, 254 respectively.
[38] By contrast, the k values calculated in our case for particle sizes of 0.5 and 255 2.0 mm were much higher than those obtained in a biofilter with activated carbon as biomass 256 carrier treating wastewater with high concentrations of TKN (k = 0.0006). The nitrifying reactors showed similar microbial populations independently of the particle 261 size used as microorganism carrier. For all reactors used with the above-mentioned nitrifying 262 culture (Table 5 ) the dominant population was Gammaproteobacteria representing 80% of 263 the total communities. Betaproteobacteria were also identified and made up 12% approx. of 264 the total population. Table 8 shows the percentages of the microorganims found for each 265 particle size studied, while Figure 5 illustrates the dispersion of these classes of bacteria 266 (Gammaproteobacteria and Betaproteobacteria) over the total cells for a zeolite particle size 267 of 0.5 mm. Among the Betaproteobacteria, the presence of Ammonium Oxidant 268
Betaproteobacteria was also determined, a group that was also identified in other nitrifying 269 related studies.
[40] Nitrobacter (responsible for the oxidation of nitrite to nitrate) was also 270 detected, as occurred in similar studies.
[39, 41] It was recently reported that the number of 271 nitrifiers on natural zeolite was greater than on sand media in the case of biological aerated 272 filters with the above-mentioned microorganism carriers.
[19] To be specific, in the biofilm 273 grown on zeolite, Nitrosomas and Nitrobacter were counted at 3.0x10 9 CFU/mL and 274 2.2x10 9 CFU/mL, respectively, while those on sand were counted at 4.5x10 8 CFU/mL and 275 6.5x10 8 CFU/mL, respectively.
[19]
276
On the other hand, the high percentage of Gammaproteobacteria found and the scarce 277 identification of Ammonium Oxidant Betaproteobacteria seems to indicate that both 278
Ammonium Oxidant and Nitrite Oxidant bacteria belong to the Gammaproteobacteria class. 279
In addition, due to the natural fluorescence of zeolite it was not possible to accurately 280 quantify the bacteria groups hybridated with probes marked with chromophore Fluors. As a 281 consequence, the percentage of Alphaproteobacteria was not reported. 282
Nogueira et al. [42] reported that Betaproteobacteria was the predominant group in a study on 283 nitrifying populations immobilised on expanded polyethylene, while the 284
Gammaproteobacteria were almost undetected. In addition, when granulated polyethylene 285 was used as biomass carrier, 80% of the total bacteria corresponded to Alphaproteobacteria 286 and Betaproteobacteria.
[42] By contrast, our research demonstrated that using Chilean natural 287 zeolite as biomass carrier, 80% of the total bacterial population found corresponded to the 288 Gammaproteobacteria class. Therefore, the type of support material used to immobilize the 289 biomass influences the population diversity found colonizing it, despite the fact that its size 290 has no influence on the type of microbial communities detected. The highest adherence of microorganisms to zeolite was found for a particle size of 1 mm. 296
Lower amounts of total biomass adhered, although with similar values, were found for 297 zeolite particle sizes of 0.5 and 2.0 mm. Similar ammonium adsorption equilibrium valueswere found for particle sizes of 0.5 and 1.0 mm in diameter, the de-sorption capacity being 299 higher for a zeolite size of 0.5 mm. The microbial populations of the nitrifying reactors were 300 very similar, independently of the particle size used. The dominant microbial population 301 observed was Gammaproteobacteria, making up 80% of the total communities found. 302
Betaproteobacteria, making up 12% approx. of the total, were also identified. 303
Finally, taking into account the overall results derived from bacterial adherence, ammonium 304 adsorption and identification of the microorganims involved in the nitrification process as 305 well as other practical aspects such as operational costs for obtaining different particle sizes, 306 the contact microorganism-support and possible clogging of the reactor, it can be concluded 307 
